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Abstract—This paper presents the proposal and design of
multistate diplexer on uniform- and stepped stub-loaded res-
onators, that is, a three-state diplexer (TSD) and a four-state
diplexer (FSD). The two proposed diplexers have an attractive
application in a frequency-hopping system with miniaturization
in their overall size. Next, three and four sets of second-order
bandpass filters are applied to form the three and four filtering
channels, respectively. These filtering channels are then used to
comprise these multiple-state diplexers. In this way, compact size
and high-frequency selectivity have been well achieved. For the
purpose of demonstration, the prototypes of TSD and FSD are
fabricated and measured. The measured results are found in good
agreement with the simulated results.

Index Terms— Four-state diplexer (FSD), multistate diplexer,
planar circuit, second order, three-state diplexer (TSD).

I. INTRODUCTION

DIPLEXER is one of the crucial components used for

channel selection, signal synthesis, and frequency separa-
tion in wireless communication systems. As highly demanded,
the design and synthesis of a diplexer has been widely studied.
There are several approaches reported in the literature to
design a variety of diplexers [1]-[16]. Among them, there are
two typical structures: planar structures based on microstrip
line [1]-[5], substrate integrated waveguide [6]—[8], coplanar
waveguide [9], and slot line [10] and cavity structures based
on waveguide cavity [11]-[13], coaxial cavity [14], and dielec-
tric resonator loaded cavity [15], [16]. These diplexers have
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Fig. 1. Schematic of the proposed TSD circuit topology used for frequency-
hopping communication.

their own advantages, such as low loss, high isolation, low
cost, compact size, high unloaded Q factor, and high power
capacity. However, all the aforementioned diplexers can only
be applied for the typical uplink and downlink systems. Thus,
multiple channel systems require multiple diplexers, which
lead to large size and high cost.

A three-state diplexer (TSD) is a kind of highly integrated
multifunctional diplexer. As shown in Fig. 1, combined with
single-pole-three-throw switch circuits, a TSD is applied to
achieve a three-port network frequency-hopping circuit with
circuit miniaturization. There are three frequency states for a
frequency-hopping system to be switched freely. The concept
of TSD is first presented in [17]. Then, a planar triple-
mode elliptical-shaped resonator is used for achieving this
functionality. Herein, two TM; degenerate modes and one
TMj3; mode are used to form three filtering channels, which
are further combined to generate three states of TSD. However,
only one transmission pole emerges in each passband, so this
TSD suffers from poor passband flatness and poor inband
selectivity. Moreover, it is difficult to implement more states,
thus blocking it from real applications. How to design a planar
compact high-order TSD with more than three states under
operation has not yet been reported in the literature.

0018-9480 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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Fig. 2. Schematic of the proposed FSD circuit topology used for frequency-
hopping communication.

In this paper, a compact second-order TSD using the
uniform-impedance stub-loaded resonator (SLR) is presented
at first. Its passband flatness and frequency selectivity are
exhibited to get a great improvement. On the basis of the
designed TSD, a second-order four-state diplexer (FSD) is
then presented with more compactness. As shown in Fig. 2,
by combining with single-pole-four-throw switch circuits,
the FSD can be employed for developing a four-port network
frequency-hopping circuit, where four frequency states for
frequency-hopping system can be switched freely.

II. SECOND-ORDER TSD DESIGN
A. Configuration

The corresponding configuration of second-order TSD on
the microstrip line structure is shown in Fig. 3. It consists of
three second-order bandpass filters (BPFs) and three microstrip
feed lines. It involves a uniform-stepped SLR in the design of
three second-order BPFs [19], [20]. The center frequencies of
the three BPFs (Filter 1, Filter 2, and Filter 3) are denoted
by frspi, frsp2, and frsps, respectively, wherein frsp; <
frsp2 < frsp3. Compared with traditional diplexers, each
port of TSD can operate at two frequencies, which makes
this TSD holding three operating states as a multifunctional
diplexer. In this paper, the printed circuit board with a relative
dielectric constant of &, = 2.55, a loss tangent tan d = 0.003,
and a thickness of # = 0.8 mm is used to design and fabricate
the proposed TSD and FSD.

B. Stub-Loaded Resonator

Fig. 4(a) shows the layout of SLR. The equivalent circuits
of odd mode and even mode are depicted in Fig. 4(b) and (c),
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equivalent circuit.

respectively. The symmetrical plane A—A’ in Fig. 4(a) behaves
as an electric wall or a magnetic wall under the odd-mode or
the even-mode excitation, respectively. Yin_ogd and Yin—even
represent the input admittances of the odd-mode and the
even-mode equivalent circuits, respectively. The resonant con-
ditions can be derived as

Firods = —00 =0 (1)
in-odd = jtan@l =
Yin-even = jYotan(@; +62) =0 )

where 61, 0>, and Yy represent electrical lengths and charac-
teristic admittance. The first two resonant frequencies can be
accordingly deduced as [21]

Lml = at 6] = 7[/2 (3)

C
4f0dd«/ Ere ’
C
2feven«/ Ere

where L,,1 and L, are the physical lengths of transmission
lines, respectively, and ¢ and ¢, are the light speed in free
space and the effective dielectric constant, respectively. The
conditions for transmission zeros can be derived by

Ly = — Ly, atti+bh=nr )

1 B 1 — tan? 6, — 2 tan 6, tan 6, —0 )
Yin  j2Yo(tan®; + tan @) T

It can be simplified as

2tan 0
an 1(tan291

— tan&z) =0 tan ) + tan6r # 0. (6)
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TABLE I
MAIN DESIGN PARAMETERS OF TSD

Passbands | fodd (GH2) | feven (GH2) | L1 (mm) | Ly (mm)
First 2.97 3.03 17.28 16.6
Second 3.96 4.04 12.96 12.46
Third 4.95 5.05 10.37 9.96

Fig. 5. Photograph of the fabricated TSD.
The condition for the transmission zero near the two modes
can be obtained as

tan 20 tan 6, = 1. 7

Thus, the transmission zero near the two modes may appear
in the following two cases.

Case 1: According to (3) and (4), if fodd < feven, then
601 > 0, in this case, (7) illustrates that the condition for a
transmission zero near two modes occurrence is 8(tz) > 7/2,
and 6(tz) < m/2. Thus, the transmission zero is allocated on
the high side of the two modes when fodd < feven-

Case 2: According to (3) and (4), if fodd > feven, then
01 < 6, in this case, (7) illustrates that the condition for a
transmission zero near two modes occurrence is 8y(tz) < 7/2,
and 6(tz) > = /2. Thus, the transmission zero is allocated on
the low side of the two modes when foqd > feven. The reason
for the high-frequency selectivity of the TSD is due to the
transmission zero located near the two modes.

C. TSD Design and Results

The TSD is designed with the following specifications: the
center frequencies of three passbands are set as 3 GHz ( frsp1),
4 GHz (frsp2), and 5 GHz ( frsp3). As fractional bandwidths
of Al =5%, A2 = 5%, and A3 = 5% are chosen, according
to (3) and (4), the physical lengths of each SLR can be
calculated by the six resonant frequencies of three bands. The
main design parameters of the TSD are shown in Table I, and
the optimized parameters in Fig. 3 are W = 0.3, W, = 2.2,
Wy =04 Wy =1, 851 = 0.15, Ly = 17, L, = 16.6,
Ly = 128, Ly = 12,5, Ls = 9.8, Lg = 9.7, L7 = 6.5,
Lg = 5.2, and L9 = 4.3 (unit: mm).

The photograph of the fabricated TSD is depicted in Fig. 5.
The overall size of this TSD is about 27.7 mm x 30.3 mm,
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Fig. 6. Simulated and measured results of the designed TSD. (a) Transmission
coefficient. (b) Reflection coefficient.

which corresponds to a size of 0.4041y x 0.4421,, where Ag is
the guided wavelength on the substrate at the center frequency
of the first passband. Fig. 6(a) and (b) shows the simulated and
measured results. The passband between port 2 and port 3 is
designed at 3 GHz ( frsp1), namely, Channel 1, while the pass-
band between port 1 and port 3 is designed at 4 GHz ( frsp2),
namely, Channel 2. Finally, the passband between port 1 and
port 2 is designed at 5 GHz (frsp3), namely, Channel 3.
The measured results are found in good agreement with the
simulated results. In particular, the measured insertion loss is
less than 1.5, 1.1, and 1.5 dB at 3, 4, and 5 GHz, respectively.
The isolation between different filtering channels is better
than 20 dB. Since all of the passbands take the first case,
fodd < feven, there are three transmission zeros appear on the
high side of the three passbands, respectively. The rest of the
transmission zeros are generated at other passbands locations,
which provide the good channel-to-channel isolation.
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Fig. 7. Simulated and measured results of the designed TSD. (a) Port 1 as
the common port. (b) Port 2 as the common port. (c) Port 3 as the common
port.

The three states operational functions can be summarized
as follows.

State 1: When port 1 is the common port of the diplexer,
Channel 2 and Channel 3 can be used as two filtering channels,
as shown in Fig. 7(a).

State 2: When port 2 is the common port of the diplexer,
Channel 1 and Channel 3 can be used as two filtering channels,
as shown in Fig. 7(b).

State 3: When port 3 is the common port of the diplexer,
Channel 1 and Channel 2 can be used as two filtering channels,
as shown in Fig. 7(c).

III. SECOND-ORDER FSD DESIGN

A. Configuration

The corresponding configuration of second-order FSD on
the microstrip line structure is shown in Fig. 8. It consists
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Fig. 9. (a) Layout of SISLR. (b) Odd-mode equivalent circuit. (c) Even-mode
equivalent circuit.

of four second-order BPFs and four microstrip feed lines.
It involves a uniform-impedance SLR or stepped-impedance
SLR (SISLR) [22] in the design of four second-order BPFs.
The center frequencies of the four filters (Filter 1, Filter 2,
Filter 3, and Filter 4) are denoted by frspi, frsp2, fESD3,
and frsps4, respectively, wherein frsp1 < frsp2 < frsp3 <
Jrspa. Similar to TSD, each state of FSD can also operate at
two frequencies but with four operation states in total.

B. Stepped-Impedance Stub-Loaded Resonator

Fig. 9(a) shows the layout of SISLR. The equivalent circuits
of odd mode and even mode are depicted in Fig. 9(b) and (c),
respectively. Yin—odd and Yin—even represent the input admit-
tances of the odd-mode and the even-mode equivalent circuits,
respectively. Based on Yip—oaqg = O and Yip_even = O,
the resonant conditions for odd mode and even mode can be
derived as [23]

tan2 6, = Y>/Y1,
tanf tan6, = Y» /Yy,

at f = fodd (®)
at f = feven 9

where 61, 6, and Y, Y» represent electrical lengths and
characteristic admittances. The first-harmonic resonance of
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TABLE 11
MAIN DESIGN PARAMETERS OF FSD

Passbands |foqd (GH2) | feven (GHZ) | Ly (mm) | Ly (mm) | Y7 (S) | Y2 (S)
First 2.03 1.97 8.28 879 | 0.025 | 0.008
Second 3.03 2,97 5.85 6.09 | 0.022 | 0.008
Third 4.06 3.94 6.32 6.7 0.008 | 0.008
Fourth 5.05 4.95 5.08 528 | 0.008 | 0.008

odd mode occurs at fi1—odd, and the resonant condition at
fs1—odd can be thus derived as [24]

tanfy = o0, at f = fi—odd- (10)
The frequency ratio of odd mode can be deduced as
fs1—odd _ ™ (11
fodd 2arctan /Y5 /Y]

The first-harmonic resonance of even mode occurs at
Ss1—even- Since the FSD is designed in narrowband with foqq ~
Jfeven and 01 & 6. The resonant condition at fs|_even can be
thus derived as [25]

tan 0 ~ tan 0, = oo, at f = fsl—even- (12)

Thus, the frequency ratio of even mode can be approxi-
mately deduced as

Js1—even ~ T
Seven 2arctan /Y2 /Y] '

Based on the above-mentioned analysis, the resonant fre-
quencies for odd mode and even mode as well as their first har-
monic resonant frequencies of each filter can be determined.

13)

C. FSD Design and Results

The FSD is designed with the following specifications: the
center frequencies of four passbands are set as 2 GHz ( fgsp1),
3 GHz (fgsp2), 4 GHz (frsp3), and 5 GHz ( frsp4), and the
fractional bandwidths A1 = 5%, A2 = 4%, A3 = 6%, and
A4 = 4% are selected for four bands. Moreover, according to
(11) and (13), if fs1 & fs1—odd = fsl—even 1S suitable for four
bands, the frequency ratio fs1(1)/ fo(1) = 3.05, fs12)/ fo2) =
2.89, fs13)/ fo3) = 2, fs1@)/ fos) = 2 are selected. According
to (3) and (4), the physical lengths of each SLR can be
calculated by the eight resonant frequencies of four bands.
The physical lengths of L, and L,» can be derived as

O1(foae) = arctan/Y2/ Yy (14)
ct
Ly = _ Y(Jodd) (15)
27 fodd~/€re
/e
Ol (feven) = —;Ven O1(foaa) (16)
odd
Y2
ez(feven) = arctan W (17)
COX(feven
L, = _P2(feven) . (18)
27 feven A/ Ere

The main design parameters of FSD are shown in Table II,
and the optimized parameters in Fig. 7 are W1 =0.3, W, =2.2,
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Fig. 10. Photograph of the fabricated FSD.

W3 =04, Wa =1, Ws =3, Weg =6, W7 =25, Wg =5,
S1=0.15, L1 =17, L, =85, L3 =12, L4 =6, L5 = 12.2,
Le = 142, L7 = 9.8, Ly = 10.8, L9y = 13.4, Lo = 7.3,
Ly =53,Li»=3.7,Li3=7.6,and L4 = 5.5 (unit: mm).

The photograph of the fabricated FSD is depicted in Fig. 10.
The overall size of this FSD is about 32.8 mm x 33.4 mm,
which corresponds to 0.3194, x 0.3254,. Fig. 11(a)—(c) shows
the simulated and measured results. The passband between
port 1 and port 4 is designed at 2 GHz (frspi), namely,
Channel 1. The passband between port 4 and port 3 is designed
at 3 GHz (frsp2), namely, Channel 2, while the passband
between port 3 and port 2 is designed at 4 GHz (frsp3),
namely, Channel 3. Finally, the passband between port 2 and
port 1 is designed at 5 GHz ( frsp4), namely, Channel 4. The
measured results agree well with the simulated results. For
all of the passbands take the second case, fodd > feven, €ach
channel has a transmission zero near the lower side of each
passband. With the help of these transmission zeros, the selec-
tivity of each passband is improved. The measured insertion
loss is less than 1.1, 1.5, 1.2, and 1.6 dB at 2, 3, 4, and 5 GHz,
respectively. The isolation between adjacent filtering channels
is better than 20 dB. In addition, Fig. 11(c) illustrates the
isolation between nonadjacent filtering channels is also better
than 20 dB. Finally, It can be observed that the first spurious
of the first passband fs(1) appears at 6.3 GHz, and the first
spurious of the second passband fs(2) appears at 8.8 GHz.
The results are consistent with theoretical analysis.

The four states operational functions can be summarized as
follows.

State 1: When port 1 is the common port of the diplexer,
Channel 1 and Channel 4 can be used as two filtering channels,
as shown in Fig. 12(a).

State 2: When port 2 is the common port of the diplexer,
Channel 4 and Channel 3 can be used as two filtering channels,
as shown in Fig. 12(b).

State 3: When port 3 is the common port of the diplexer,
Channel 3 and Channel 2 can be used as two filtering channels,
as shown in Fig. 12(c).

State 4: When the port 4 is the common port of the diplexer,
the Channel 2 and Channel 1 can be used as two filtering
channels, as shown in Fig. 12(d).
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Fig. 11. Simulated and measured results of the designed FSD.
(a) Transmisison coefficient. (b) Reflection coefficient. (c) Isolation.

Table III lists the comparison of the proposed TSD and FSD
with other reported TSD, where it is shown that the merits
of this paper about small size, low cost, sharp out-of-band
rejection skirts, and good isolation.
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IV. mTH-ORDER n-STATE DIPLEXER

Based on the above-described design examples, i.e., TSD
and FSD, a generalized mth-order n-state diplexer can be
formed as depicted in Fig. 13. It consists of n numbers of



1458

TABLE III
COMPARISONS WITH OTHER REPORTED TSD AND FSD
No. of
. Modes | Circuit Size | TZs near [Isolation|Insertion Loss
/type of AXM*X) |Each Band| (dB) (dB)
resonator
[17] 1/planar | 0.48x0.52 No 12 1.5/-/-
[18] 3/cavity | 1.2x1.3x1.4 No 27 0.7/0.9/1.4
TSD of this work | 2/planar | 0.28x0.3 1 20 1.5/1.1/1.5
FSD of this work | 2/planar | 0.22x0.22 1 20 1.1/1.5/1.2/1.6
port
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Fig. 13. Configuration of the mth-order n-state diplexer.

mth-order BPFs and n numbers of microstrip feed lines. Each
mth-order filter is composed of m resonators with the resonant
frequencies at those desired passbands. Without considering
the influence of harmonics, this configuration can be extended
to achieve an arbitrary number of operation states and arbitrary
number of filtering orders in condition of sufficient circuit
size. As shown in Fig. 13, with the increase of n and m,
6 decreases while R increases. Where 6 and R represent
the angular radian between adjacent ports and the radius of
position circle (6 = 2z /n).

V. CONCLUSION

In this paper, the TSD and FSD are presented and designed
as the examples of multifunctional diplexers. They are used to
achieve a dynamic access of the spectrum and greatly improve
the efficiency of spectrum utilization. In this paper, the SLR
and SISLR have been applied to build up compact second-
order TSD and FSD. Based on the analysis, the TSD and
FSD have designed and fabricated. The measured results are
found in good agreement with their respective simulated ones,
exhibiting low insertion loss, good return loss, sharp out-of-
band rejection skirts, and good isolation.
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